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In laparoscopic surgery, smaller incisions produce good clinical results for patients. Therefore, there is a great need
to develop thinner instruments for use in laparoscopic surgery. However, thinner instruments have smaller end
effectors that limit the functionality of the instruments. To address this problem, we previously developed a new
type of forceps that uses a least-incision transformable end-effector (LITE) mechanism for graspers of two sizes (i.e.,
a two-way LITE mechanism), which decreases the instrument exchange frequency and the total procedure time
during surgery. Robot-assisted surgery is currently receiving considerable attention. However, instrument exchange
during robot-assisted surgery is complicated. The purpose of this study was to develop a new two-way LITE forceps
that would be suitable for use in robot-assisted surgery and laparoscopic surgery by being attached to a handpiece
to reduce the time and difficulty associated with the instrument exchange during robot-assisted surgery. The
experimental results show that the proposed forceps can reduce the total instrument exchange time in a simulated
robot-assisted surgery environment, generate sufficient grasping forces to serve as a laparoscopic grasper, and
perform switching between its small-grasper and large-grasper modes when operated with one hand using the
handpiece. An in vivo experiment was performed on a pig under simulated surgery conditions to evaluate the
usefulness of the prototype developed in this study. When operated with a motor drive, the forceps was able to
grasp the liver using its large grasper.
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Laparoscopic surgery is performed by inserting a camera
and an instrument through small incisions in the body
cavity. In laparoscopic surgery, smaller incisions produce
less physical stress for patients [1]. Therefore, studies are
being carried out to develop thinner surgical instruments
[2]. However, as instruments become thinner, the sizes of
the end effectors also decrease. Consequently, grasping an
organ becomes difficult because of the decrease in grasper
size [3]. To address this problem, new instruments that
transform into large graspers inside the body cavity have
been developed [4,5]. In laparoscopic surgeries that
require the use of various instruments, exchanging instru-
ments is a complicated task that consumes 10–30% of the
total procedure time [6]. Therefore, a single instrument* Correspondence: ryoichin@faculty.chiba-u.jp
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reproduction in any medium, provided the origthat has multiple functions can reduce the amount of in-
strument exchange required and thereby reduce the total
procedure time [7].
In a previous study, we developed a forceps with a
least-incision transformable end-effector (LITE) mech-
anism for operating graspers of two sizes (i.e., a two-way
LITE mechanism) that switches its end effectors to
change its size inside the body cavity [8]. The forceps is
inserted into the body through a small incision and is
used as a large end effector. The forceps decreases the
instrument exchange frequency and the total procedure
time during surgery.
Robot-assisted surgery is currently receiving consider-
able attention because it has many advantages, such as
improved operability and improved field of vision during
laparoscopic procedures. However, quick exchange of
surgical instruments is difficult because an assistant per-
forms the instrument exchange on the instructions ofringer. This is an open access article distributed under the terms of the Creative
mmons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
inal work is properly credited.
Figure 2 Two-way LITE forceps.
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in exchanging an instrument. The use of a two-way LITE
mechanism with surgical robots can reduce the difficulty
and time associated with instrument exchange. Further-
more, during robot-assisted surgery, the instruments used
in laparoscopic surgery must be prepared because the sur-
geon may need to switch to performing laparoscopic sur-
gery in an emergency. Therefore, hand-held instruments
that can be mounted on a surgical robot have many
advantages, such as space and cost savings.
The purpose of this study was to develop a new two-
way LITE forceps that can be attached to a surgical
robot and used for laparoscopic surgery by attaching a
handpiece to the forceps. In other words, we adapted
the previously developed hand-held two-way LITE forceps
to a surgical robot.
Methods
Two-way LITE forceps for robot-assisted surgery
The two-way LITE forceps for robot-assisted surgery
was developed with reference to a surgical instrument of
da Vinci® surgical system [9] which has been used for
many clinical applications [10].The working of the end
effector of the da Vinci® instrument is based on the rota-
tion of four disks connected to the side that is attached
to the surgical robot. The two-way LITE mechanism
performs the movements shown in Figure 1 by the oper-
ation of three rods associated with a 5-mm grasper, a
10-mm grasper, and a transformation. The end effector
works by performing a linear-slide motion of 3 mm for
the 5-mm or 10-mm grasper rod or 5 mm for the trans-
formation rod. We developed a forceps in which the end
effector works by the rotation of three disks (Figure 2). In-
side the forceps, the rotation of the disks is converted into
a linear-slide motion through a slider–crank mechanism.
Handpiece
When the interface of the conventional two-way LITE
forceps is used, it is difficult to switch modes using one
hand because two switches need to be operated. The
first switch, on the back side of the forceps, is used to
move the transformation rod. The second switch, on the
lateral side of the forceps, is used to exchange the grasp-
ing rod. Therefore, we developed a handpiece that can
be attached to the forceps and used in laparoscopicFigure 1 Transformation procedure.surgery. The handpiece facilitates mode switching by the
operation of only one switch (Figure 3). The three disks
of the forceps can be rotated by operating the handle
and switch of the handpiece.
Mode-switching mechanism
The transformation disk and the switch form a slider-
link mechanism (Figure 4(a)). The transformation disk
rotates when the switch is operated, and the end effector
of the forceps undergoes transformation. In addition, the
handle operation rotates the grasping disk through a
shaft (Figure 4(b)). When the switch is operated, the
shaft shifts perpendicular to the direction of the switch
movement, and the grasping disk that is operated by the
handle is switched (Figure 4(c)).
Prototype
The prototype of the handpiece that is attached to the
forceps is shown in Figure 5. It was confirmed that
grasping and transformation can be achieved by operating
the handle and switch.
Evaluation experiment
Instrument exchange time measurement experiment
For comparison purposes, we measured the mode-
switching time required by the proposed forceps when
fitted with a motor drive, and we measured the instru-
ment exchange time during robot-assisted surgery. TheFigure 3 Design of handpiece.
Figure 4 Handpiece mechanisms: (a) Transformation mechanism
(b) Grasping operation mechanism (c) Change of disk engaged
with handle.
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which three disks were rotated using the motor. The
rotary speed produced allowed the experimental device
to perform transformation in 6 s. An environment that
mimicked a robot-assisted surgery environment was cre-
ated as described in a previous study [11]. Five subjects
(non-specialists) performed instrument exchanges six
times in this environment, and the exchange times were
measured. The instrument exchange process is as follows.
Process 1 involves pulling the instrument out of a trocar.
Process 2 is exchanging the instrument. Process 3 is
attaching the instrument to the surgical robot. Process 4 is
inserting the instrument into the trocar. The experimental
processes were explained to the subjects beforehand, andFigure 5 Handpiece equipped with two-way LITE forceps.they started the experiment after practicing the process
under the same conditions as those of the experiment.
Grasping force measurement experiment
The grasping forces generated by the forceps using the
motor drive and the handpiece were measured. Both ex-
perimental systems are shown in Figure 6. In the meas-
urement of the grasping force achieved using the motor
drive, the disk of the forceps was given suitable rotation.
Grasping was maintained for four seconds, and the
grasping force was measured eight times. The motor used
was a stepping motor (CRK564PMAPB: Oriental Motor
Co., Ltd., maximum torque: 0.78 Nm, basic step angle:
0.36°). In the measurement of the grasping force achieved
using the handpiece, weights ranging from 0 to 30 N were
hung on the handle in increments of 2 N.
In vivo experiment
Transformation and grasping of the forceps using the
motor drive and the handpiece were tested in an experi-
ment performed on a pig under simulated laparoscopic
surgery conditions. We tested the forceps to ensure that
it functioned normally in vivo, and we used it to lift the
liver, which is the heaviest organ in the body.
Mode-switching time measurement experiment using the
handpiece
We measured the mode-switching time required by the
forceps when using the handpiece and by the conventional
two-way LITE forceps to compare their operability. The
transformation time from the 5-mm mode closed state to
the 10-mm mode open state and the removal time from
the 10-mm mode closed state to the 5-mm mode open
state were measured. Five subjects used a laparoscopic
surgery trainer device (MATT Trainer) to switch between
the 5-mm and 10-mm modes, and the mode-switching
time required by each of these subjects was measured five
times. The experimental processes were explained to the
subjects beforehand, and they started the experiment afterFigure 6 (a) Measurement of grasping force achieved using
motor drive (b) Measurement of grasping force achieved
using handpiece.
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of the experiment.
Results and discussion
Results of instrument exchange time measurement
experiment
The instrument exchange time was measured in the
robot-assisted surgery environment and was found to be
19.5 ± 6.3 s. The motor-driven forceps was able to per-
form switching in 6 s. The mode-switching time for the
motor-driven forceps can be reduced because of the ro-
tary speed of the motor. We infer that the instrument
exchange time can be reduced using the two-way LITE
forceps in robot-assisted surgery. The number of times
that instruments need to be exchanged during robot-
assisted surgery will also be reduced because the two-
way LITE forceps can switch the grasping mode without
complicated instrument exchange processes.
Results of grasping force measurement experiment
The grasping force achieved by the forceps using the
motor drive was 4.86 ± 0.17 N in the 5-mm mode and
5.51 ± 0.03 N in the 10-mm mode. These values are
averages calculated for grasps maintained for 4 s. The re-
sults of the measurement of the grasping force achieved
using the handpiece are shown in Figure 7. A previous
study concluded that the pinch force necessary to avoid
slippage is more than 3.3 N [12]. Because the forceps was
able to produce grasping forces of more than 3.3 N with
both the motor drive and the handpiece, we conclude that
the forceps produces sufficient grasping force for it to be
used in practical applications. The disk rotation was ad-
justed to avoid damage to the two-way LITE mechanism
during the motor drive experiment. Changing the material
and improving the structure of the forceps will increase
the grasp force that the forceps is able to produce.
The maximum grasp force generated by the forceps
using the handpiece was approximately 3.8 N in the
10-mm mode. Because the disk rotation is limited byFigure 7 Results of measurement of grasping force achieved
using handpiece.the operating range of the handle, the forceps cannot
produce a grasping force greater than this maximum
value using the handpiece. When using the motor drive,
the forceps produced a greater grasping force because of
the larger rotation possible. The rotation of the disks can
be increased by improving the grasping operation mech-
anism of the handpiece.
Results of in vivo experiment
The forceps could not achieve 180° flexural transform-
ation using the motor drive (Figure 8(a)), but the forceps
was able to perform grasping in the 5-mm and 10-mm
modes and perform mode switching. Furthermore, the
motor-driven forceps was able to grasp the liver in the
10-mm mode (Figure 8(b)). The problem of 180° flexural
transformation not being achieved also occurred when
the conventional two-way LITE forceps was used. Because
of the high elasticity of the super-elastic alloy utilized in
the flexural joint, the grasping rod did not achieve proper
transformation in the 5-mm mode. This problem will be
addressed in the future by using a super-elastic alloy with
a lower elasticity.
Although the transformation achieved when using the
handpiece was not as good as that achieved when using
the motor drive, grasping was successful in the 5-mm
and 10-mm modes. However, the rod did not switch when
the 10-mm mode was switched to the 5-mm mode.
Therefore, even though the end effector was extended, the
operation of the 10-mm grasper was not ideal (Figure 8
(c)), and the 5-mm grasper could not be operated. One of
reasons for this was that the two-way LITE mechanism
tilted about the longitudinal axis and was fixed to the
interface. Therefore, it is believed that the linear-slide mo-
tion of the 5-mm rod is not performed smoothly and that
the disk of the handpiece does not move to the most ap-
propriate position for switching the mode. This problem
will be addressed in the future by including a spring
that will assist the rotation of the 5-mm disk inside
the handpiece.
Results of the mode-switching time measurement
experiment using the handpiece
The results of the mode-switching time measurement
experiment conducted using the handpiece are shown in
Figure 9. The subjects operated the forceps with their
left hands only. When using the conventional two-way
LITE forceps, the subjects used both hands, and the
switching times were measured [8].
In both modes, the mode-switching time of the forceps
when using the handpiece was significantly different from
the mode-switching time of the conventional two-way
LITE forceps. The proposed forceps required more time
to switch to the 10-mm mode than the conventional two-
way LITE forceps. However, for switching to the 5-mm
Figure 8 In vivo experiment results: (a) Incomplete transformation (b) Grasped liver (c) Incomplete switching.
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the conventional two-way LITE forceps because the
switching could be accomplished with only one switch op-
eration. The forceps must open the 5-mm grasper before
the transformation for the 10-mm mode. The reason for
this is that the forceps must transform the end effector
after the 5-mm disk is rotated for the path length of the
5-mm rod in the forceps to change. This operation adds
to the handle operation processes, and hence, the time
required for switching in the 10-mm mode increases.
This problem will be addressed in the future by improv-
ing the switch mechanism by which the transformation
is carried out after the operation rod is switched.
It is believed that using the handpiece, the forceps can
also be used as an auxiliary forceps because mode
switching can be performed with the left hand only. The
auxiliary forceps can be operated with the left hand to
assist the main forceps that can be operated with the
right hand.
Conclusions
This study focused on reducing the time and difficulty
involved in instrument exchange during robot-assisted
surgery and resulted in the development of a two-way
LITE forceps for use with a surgical robot system. This
forceps can be used in laparoscopic surgery by attaching
it to a handpiece. Evaluation and in vivo experiments
were performed to test the forceps. The forceps reduced
the instrument exchange time in a robot-assisted surgery
environment and was able to generate sufficient grasping
force. Furthermore, the forceps performed mode switch-
ing in a laparoscopic surgery environment in the sameFigure 9 Transformation and removal times.amount of time as the conventional two-way LITE
forceps. In addition, the proposed forceps could be
operated using one hand when performing mode
switching. The grasping operation was performed in vivo.
In addition, using the motor drive, the forceps could grasp
an organ using a large grasper. These results suggest that
the new forceps developed in this study can be used as an
auxiliary forceps to assist the forceps held in the dominant
hand.
Abbreviation
LITE: Least-incision transformable end effector.
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